BACKGROUND
Asthma is a common chronic disorder affecting over 330 million worldwide. 1, 2 In Italy, the prevalence of asthma increased by 38% over two decades from 1991 to 2010, based on data from 3 multicenter cross-sectional surveys carried out in the Italian adult population. 3 Omalizumab is recommended as an add-on therapeutic approach for the treatment of patients with uncontrolled severe allergic asthma (SAA). 1 Results of several observational studies have confirmed the effectiveness of omalizumab in the real-life setting in moderate-to-severe and severe persistent allergic asthma, 4-9 however treatment response is indicated in a highly targeted population.
Biomarkers are quantitatively measurable indicators associated with biological processes that can predict the extent of treatment effectiveness in patients. 10 Identifying biomarkers in real-life settings can provide guidance to treating physicians on when to escalate or de-escalate treatment, thus facilitating personalized and targeted therapy by identifying patients who may gain the most benefit from the treatment, improving benefits for patients and optimizing medical resources.
11-13
GAL-3 binding protein (GAL-3 BP) is a member of the macrophage scavenger receptor.
14 Galectin-3 (GAL-3) was first discovered as an immunoglobulin E (IgE)-binding protein on the surface of murine macrophages. Previously, Riccio et al. reported GAL-3 as a possible biomarker associated with airway remodeling reduction in response to omalizumab treatment. 15 PROXIMA, an observational, multicenter twophase study (cross-sectional and longitudinal phase) conducted in patients with SAA showed that omalizumab reduced exacerbation rates by 87% and effectively controlled asthma after 6 and 12 months of treatment, improving quality of life of these patients. 16 A high proportion of the study population (longitudinal phase) responded to the omalizumab treatment with a response rate of 89%-96%.
Though several studies have shown that a high proportion of patients respond to omalizumab treatment, 12 ,17 these studies have not attempted to identify and categorize patients as clinical, functional, or super responders to omalizumab treatment.
The PROXIMA 18 sub-study, was an exploratory analysis designed to identify protein biomarkers focusing on the role of GAL-3 as a predictor of clinical, functional, and super responders for omalizumab treatment in patients with SAA.
METHODS

Study design and patients
The PROXIMA study was a multicenter, twophase, single-arm, observational study, conducted at 25 centers in Italy, in outpatient settings specialized in the treatment of asthma. Detailed inclusion/exclusion criteria have been described previously. 16 The study consisted of a crosssectional phase and a 12-month longitudinal prospective phase. After screening, patients entered into the cross-sectional phase designed to estimate the pattern of allergic asthma (perennial versus seasonal). Further, as per the clinician's judgment, patients who required omalizumab treatment entered the longitudinal phase from the cross-sectional phase. All the patients who participated in the longitudinal study had the option to participate in this study.
Furthermore, ten healthy subjects were recruited as control group, and plasma was collected. Enrolled volunteers did not suffer from respiratory and immunological diseases. As this is an ancillary study with no a priori hypothesis, no formal sample size calculations were done. Blood samples from patients in this sub-study were collected before (i.e. baseline) and after 12 months of omalizumab treatment. Furthermore, urine analysis was conducted on a sub-set of these patients.
Objectives of the PROXIMA ancillary study
The main objective of the study was to explore the role of plasma GAL-3 as a predictive biomarker for functional response to omalizumab in patients with SAA. Additional analysis in urine samples was conducted to confirm the predictive value of GAL-3.
Sample collection and handling
Blood and urine samples were collected at baseline and after 12 months of omalizumab treatment. The blood and urine samples were collected and stored either at 4C if shipped within 24/48 hours or stored at -20C and -80C, respectively, if the proteomics analysis was to be conducted later.
Sample preparation
Urine
Stored urine samples were thawed and centrifuged at 17,000Âg for 10 minutes at 4C. Supernatants were separated and subjected to ultracentrifugation at 200,000Âg for 1 hour at 4C to obtain exosome pellets. The protein concentration was assayed using the SPNTM Protein Assay kit (Thermo Fisher Scientific, Waltham, MA, USA), and 50 AE 0.5 mg of protein from each sample was digested with trypsin using a 1:50 (w/w) enzyme/substrate ratio at 37C overnight. The next morning, an additional aliquot of enzyme was added at an enzyme/substrate ratio of 1:100 (w/w), and the digestion continued for 4 hours. Samples were then centrifuged at 13,000Âg for 10 minutes, desalted by PepClean C-18 spin columns (Thermo Fisher Scientific, Waltham, MA, USA) and concentrated in a SpeedVac (Savant Instruments Farmingdale, NY, USA).
GAL-3 measurement
Plasma GAL-3 levels were quantified using a microtiter plate-based enzyme-linked immunosorbent assay (C) kit (BGM Galectin-3 Assay kit, BG Medicine, Inc., Waltham, MA, USA). Testing procedures were performed according to manufacturer protocol. Assay characteristics included a lower detection limit of 1.4 ng/mL and upper detection limit of 94.8 ng/mL, for clinical specimens.
Proteomics analysis
Trypsin-digested mixtures were analyzed by the Eksigent nanoLC-Ultra 2D System (Eksigent, AB SCIEX Dublin, CA, USA) combined with cHiPLCnanoflex system (Eksigent) in trap-elute mode on a nano cHiPLC column (75 mm Â 15 cm ChromXP C18-CL, 3 mm, 120 Å), through a 65 minute gradient of 5-45% of eluent B (eluent A, 0.1% formic acid in water; eluent B, 0.1% formic acid in acetonitrile), at a flow rate of 300 nL/min. Mass spectra were acquired using a QExactive mass spectrometer (Thermo Fisher Scientific, San José, CA, USA) recorded in positive ion mode over a 400-1600 m/z range and with a resolution setting of 70,000 FWHM (@ m/z 100) with 1 microscan per sec. For other details on data handling, see Supplementary Appendix 2.
Study assessments
Forced expiratory volume in 1 s (FEV 1 ), number of exacerbations, and the Asthma Control Questionnaire (ACQ) scores were evaluated at baseline (12 months prior to the start of the observation) and after 12 months of omalizumab treatment in each study population (longitudinal and sub-study [plasma and urine samples]. Patients were categorized in accordance with their response to treatment as clinical, functional, and super responders. In particular, a "clinical responder" was defined as a patient with an ACQ total score <1 at month 12 and/or with a reduction in number of exacerbation versus the previous year. Patients showing an increment of at least 0.1 L in FEV 1 at month 12 versus baseline were defined as "functional responders". Among the clinical responders group, patients who also showed a functional response were classified as "super responders".
To evaluate correlation with plasma GAL-3 levels, we also analyzed GAL-3 BP in the urine in sub-set of patients through proteomics technique.
Statistical analysis
Summary statistics were used to describe each variable. P-values were generated using Wilcoxon signed rank test or paired t-test for comparison within patients, and Wilcoxon nonparametric test for comparison between classes of responder. Clopper-Pearson method was used to calculate 95% confidence interval. The correlation between FEV 1 and GAL-3 was analyzed by means of a logistic regression model. Protein lists were evaluated by hierarchical clustering using in-house Rscripts, based on XlsReadWrite, clue and clValid library; Ward's method and Euclidean distance metric were applied. Protein lists were aligned, normalized and processed by linear discriminant analysis (LDA) applied by using a common covariance matrix for all groups, and the Mahalanobis distance (3) from each point to each group's multivariate mean; to select proteins discriminating the analyzed groups we considered those with largest F ratio (!3) and smallest P value ( 0.05).
RESULTS
Patient disposition and baseline characteristics
Of 365 patients who were enrolled in crosssectional phase, 130 were included in the longitudinal phase, and of these, 58 were enrolled in the sub-study, and 44 (75.9%) completed the study and were considered for the analysis. Further from this sub-set, 19 patients were randomly selected for urine analysis (Fig. 1 ).
The patient demographics and baselines characteristics are described in Table 1 . The mean age of patients was similar between overall study and sub-study populations. Patients were predominantly female and Caucasian in all populations. Patients included in the sub-study (plasma) population had a slightly lower duration of asthma history compared with the longitudinal patient population. No differences were observed in FEV 1 at baseline and number of exacerbations in the 12 months prior to study entry between the analysis populations. The proportion of women were slightly higher in sub-study populations; however, the difference was not clinically relevant ensuring that the population included in the sub-study was representative of the entire population. About 63% patients in longitudinal population and 42-50% of patients in the sub-study populations were reported to have had at least 1 comorbidity ( Table 1) .
Identification of clinical, functional, and super responders to omalizumab treatment
Patients were identified as clinical, functional, and super responders based on the changes from the baseline in FEV 1, number of exacerbations and ACQ total score after 12 months of omalizumab treatment.
Change in FEV 1 A statistically significant increase in FEV 1 from baseline was observed in the sub-study populations after 12 months of omalizumab treatment. Moreover the mean FEV 1 of the small population of patients selected for the proteomics analysis of urine sample was consistent with the entire population (Fig. 2a) .
Change in number of exacerbations A significant decrease in number of exacerbations from baseline in all populations was observed after 12 months of omalizumab treatment in all the 3 populations (Fig. 2b) .
Change in ACQ total score After 12 months of treatment, a significant decrease in ACQ total score from baseline was observed in the longitudinal population and its sub-study populations (Fig. 2c) .
Based on the changes in ACQ score and number of exacerbations from baseline after 12 months of treatment, most of patients in the substudy (plasma), 86.4%; and sub-study (urine), 89.5%, were identified as clinical responders. According to the changes in FEV 1 , of the total patients identified as clinical responders, over half Table 2a ).
Correlation of plasma GAL-3 (ng/mL) levels and the clinical, functional and super responders
The mean levels of plasma GAL-3 (ng/mL) at baseline were similar between the responders and non-responders with no significant differences, except for functional responders showing a statistically significant difference in the sub-study (plasma) population (responders, 11.80 AE 2.49; non-responders, 10.35 AE 2.45; P ¼ 0.0446) (Table 2b) .
A comparison of plasma GAL-3 levels in severe asthmatic patients versus healthy controls showed the levels of plasma GAL-3 were significantly higher in severe asthmatic patients compared with control (P ¼ 0.0019; Supplementary Figure 1 ).
An analysis evaluating the correlation between baseline GAL-3 levels and FEV 1 change for functional responders showed a significant (P ¼ 0.0484) trend between FEV 1 change and plasma GAL-3 levels (Supplementary Figure 2) . A significant correlation was also observed showing that patients with a higher change in FEV 1 
Patients were categorized into 2 groups according to the change from baseline in FEV 1 after 12 months of treatment; improved FEV 1 (all patients with a change in FEV 1 > 0) and not improved FEV 1 (all patients with a change in FEV 1 0). The GAL-3 level in plasma is significantly (P ¼ 0.0366) higher in patients with improved FEV 1 In order to find the cut-off of plasma GAL-3 level at baseline to identify patients who show improved FEV 1 response, 3 cut-off limits of plasma GAL-3 levels were considered; 10 ng/mL, 11 ng/mL and 12 ng/mL. There was a significant difference between patients with improved FEV 1 and not improved FEV 1 at a cut-off of 11 ng/mL plasma GAL-3 levels (P ¼ 0.0166; Fig. 3 ). The analysis of change in FEV 1 by plasma GAL-3 level showed that there was a trend towards a predictability of lung function improvement at a cut-off of 11 ng/mL (P ¼ 0.0716). However, this did not demonstrate a statistical significance, which may be due to low sample size and the wide FEV 1 variability. Considering a cut-off limit of 11 ng/mL for plasma GAL-3 levels, the correlation between the GAL-3 level and treatment responders (clinical, functional, and super responders) was analyzed. The results showed that patients with a plasma GAL-3 level of !11 ng/mL have a greater probability of being a super responder (P ¼ 0.0118) or a functional responder (P ¼ 0.0032; Table 3 ).
Proteomics analysis
Cluster analysis of protein data
To obtain an unbiased proteomics stratification of patients and extract the discriminating factors (protein descriptors), unsupervized cluster analysis was performed for proteins identified in the urinary exosomes. Cluster was divided into 3 groups (Group 1, Group 2 [main groups] and Group 3) according to agglomerative coefficient of >0.8 at T0 (Supplementary Figure 3) .
Relationship between clinical parameters and GAL-3 BP
In the two main groups (Groups 1 and 2) , the values of the different clinical parameters and GAL-3 BP level was evaluated. GAL-3 BP levels in the urinary exosomes for the two groups (1 and 2) were evaluated for the 14 patients who completed treatment. Levels of GAL-3BP were higher in Group 1 compared with Group 2 (Fig. 4) .
The results confirm the segregation of patients into 2 identified groups by proteomics and suggest a relationship between GAL-3 BP and IgE level at T0 and the effect on FEV 1 (change of FEV 1 ) due to omalizumab treatment at 12 months (T12) ( Table 4a ). Patients in Group 1 with higher IgE levels showed more hits for GAL-3 BP. It is notable that this group reported higher change in FEV 1 after 12 months of omalizumab treatment showing response to the omalizumab treatment. However, patients in Group 2 showed lower levels of IgE and lesser number of hits for GAL-3 BP with no significant change in FEV 1 showing non-response to the treatment after 12 months.
Correlation between plasma GAL-3 level (cut-off of 11 ng/mL) and urine analyses No difference in patient distribution between groups (Groups 1 and 2) and plasma GAL-3 levels (cut-off of 11 ng/mL) was observed. However, in term of frequencies, patients with GAL-3 ! 11 ng/ mL were higher in Group 1 (33%) than in Group 2 (25%) ( Table 4b) .
DISCUSSION
This PROXIMA sub-study, an exploratory analysis aimed to identify and confirm the role of GAL-3 to predict the modulation of airway remodeling after omalizumab treatment, as it can be associated with an improvement of pulmonary function. In particular, GAL-3 level can identify super responder to omalizumab treatment, with both a clinical and a functional response, thereby facilitating personalization of medication to improve patient care and control healthcare costs. Our Fig. 3 Number of patients with improved and not improved FEV 1 at a cut-off of 11 ng/mL of plasma GAL-3 levels at baseline study confirmed the role of plasma GAL-3 levels as a predictive marker for omalizumab super responders (patients who are clinical responders and showed functional response), i.e. these patients would show improvement in ACQ score and reduction in exacerbations as well as improvement in lung function after omalizumab treatment. GAL-3 can also be used as a marker for functional responders showing improvement only in FEV 1 levels.
The study included patients from the longitudinal phase of the PROXIMA main study. The demographics and baseline characteristics of the patients were similar across the cross-sectional, longitudinal and sub-studies showing that the 44 patients analyzed for presence of GAL-3 in the plasma are representative of entire population of the longitudinal study. Additional the mean FEV 1 of the small population of patients selected for the proteomics analysis of urine was consistent with the entire population, establishing the generalizability of these results in wider population.
Patients were categorized as clinical, functional, and super responders to omalizumab treatment based upon change from baseline in FEV 1 , number of exacerbations, and ACQ score after 12-months of treatment. Most patients were identified as clinical responders in all 3 groups, and of these, more than half the population were also identified as super responders. These results were consistent with the previous retrospective analysis showing that omalizumab treatment can lead to clinically meaningful improvements in the lung function. 19, 20 Since severe asthma has been related to remodeling of airways, leading to airway obstruction, the improvement in lung function after omalizumab treatment has been attributed to its beneficial effect on airway remodeling.
21-25
GAL-3 has been reported in earlier studies as a reliable marker that can predict the modulatory effect of omalizumab treatment on bronchial reticular basement membrane thickening, to identify responders. 26 GAL-3 was shown to be a useful tool for predicting clinical improvement in pulmonary function in patients treated with omalizumab for up to 3 years. 15 Proteomics analysis has shown that baseline GAL-3 in the bronchial tissue is predictive of the response to omalizumab, 15 as shown by the specific airway remodeling obtained after the treatment. Studies have confirmed that presence of GAL-3 at baseline can act as a modulator of airway remodeling upon treatment with omalizumab. In our study, since no significant change in GAL-3 plasma levels was observed during the study, it was identified as a reliable marker to categorize treatment responders and its correlation with the treatment response was analyzed.
Comparison of GAL-3 levels at baseline by response showed a statistical difference between functional responders and non-responders in the serum samples of the sub-study population with higher levels of GAL-3 in omalizumab responders.
Further, a statistical correlation was observed between the baseline GAL-3 levels in plasma and FEV 1 changes. It should be noted that although a cut-off of >0.1 L in FEV 1 represents a clinically relevant difference, we have considered a cut-off of >0 L in FEV 1 to indicate minimum improvement in these patients. The plasma GAL-3 level was significantly higher in patients with improved FEV 1 versus patients with not improved FEV 1. These results support use of GAL-3 as a predictive biomarker of lung function improvement in patients with severe allergic asthma after omalizumab treatment. A cut-off of 11 ng/mL of GAL-3 level in plasma at baseline can be considered as a marker for super responders and functional responders. However, a specific trend in the increase in FEV 1 Proteomics analyses of urine samples for a subset of patients were conducted to further confirm the reliability of GAL-3 as a biomarker. Stratification of patients in 2 main groups (Group 1 and Group 2) was done on the basis of the protein profiles of exosomes from urine samples of patients before omalizumab treatment, and characterized by a difference in clinical trend after treatment. The molecular stratification was in good agreement with those obtained by means of clinical parameters, mainly based on IgE level and change of FEV 1 after omalizumab treatment. Patients in Group 1 with higher IgE levels showed more hits for GAL-3 BP at baseline and reported higher change in FEV 1 after 12 months of treatment indicating response to omalizumab. The results support the role of GAL-3 level before the treatment as a biomarker for predicting omalizumab response. Previously, Riccio et al. demonstrated that GAL-3 level before treatment enabled stratifying patients and predict omalizumab responders at (relatively, 12 months); also, confirmed stable up to 36 months.
14,15
The FEV 1 increase, after a 12 month omalizumab treatment, in Group 1 is quite remarkable as absolute value (0.7 L) and percentage (41.4%): such an improvement would be highly appreciated in clinical practice. We are aware that this improvement is not statistically significant, but we can possibly ascribe this result to the low number of patients. In Group 1 at T0, a significantly high value of GAL-3 BP level is also evident and thus substantiating the relation already shown between high GAL-3 serum levels and FEV 1 improvement.
The result of proteomics analysis is consistent with plasma analysis data, confirming the role of GAL-3 can be considered as a reliable marker for improvement in FEV 1 .
Limitations
Limitations of the study include the single-arm, observational study design that requires results to be interpreted with due consideration that factors other than the treatment of interest may influence the findings; in addition to low number of control samples and lack of a comparator arm.
CONCLUSIONS
Our data support the previous studies indicating the role of plasma GAL-3 levels at baseline as a useful biomarker for identifying and predicting super responders, and functional responders (improvement in FEV 1 ) for omalizumab treatment among patients with severe persistent allergic asthma.
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